ABSTRACT Motivation: Single Nucleotide Polymorphisms (SNPs) are an increasingly important tool for the study of the human genome. SNPs can be used as markers to create highdensity genetic maps, as causal candidates for diseases, or to reconstruct the history of our genome. SNP-based studies rely on the availability of large numbers of validated, high-frequency SNPs whose position on the chromosomes is known with precision. Although large collections of SNPs exist in public databases, researchers need tools to effectively retrieve and manipulate them. Results: We describe the implementation and usage of SNPper, a web-based application to automate the tasks of extracting SNPs from public databases, analyzing them and exporting them in formats suitable for subsequent use. Our application is oriented toward the needs of candidate-gene, whole-genome and fine-mapping studies, and provides several flexible ways to present and export the data. The application has been publicly available for over a year, and has received positive user feedback and high usage levels.
INTRODUCTION
Single Nucleotide Polymorphisms (SNPs) are an increasingly important resource for understanding the structure and history of the human genome. A SNP is defined as a mutation involving a single DNA base substitution that is observed with a frequency of at least 1% in a given population. It is estimated that SNPs occur approximately every 1000 bases in the overall human population, leading to a total of several million SNPs. Overall, SNPs account for 90% of the inter-individual variability, and for as many as 100 000 amino acid differences (Brookes, 1999) .
The importance of SNPs in genetic studies stems from at least three different considerations. First, since most SNPs are inherited from one generation to the next, they * To whom correspondence should be addressed.
represent a powerful tool to study the evolution of our species. Studying the frequency and distribution of SNPs in different human populations can lead to important insights on their history and mutual relationships. SNPs can also be directly responsible for genetic diseases, since they may alter the genetic sequence of a gene or of a regulatory region. For example, polymorphisms for the gene APOE (Apolipoprotein E) are known to play a major role in the development of Alzheimer's disease, as well as in some cardiovascular disorders (Strittmatter and Roses, 1995; Lai et al., 1998) . Finally, SNPs can be used to build the high-density maps of the genome needed to perform association studies. Association studies try to establish a relationship between a phenotype (usually a disease) and one or more regions of the genome (Chakravarti, 1999) . This is accomplished by measuring the frequencies of a number of SNPs in two populations that differ for the presence of the phenotype, and by detecting SNPs that show a significant difference in frequency. Knowing the genomic position of those SNPs may lead to identifying genes involved in the phenotype under consideration.
Association studies, including family-based studies that take advantage of pedigree relationships between subjects, are currently enjoying a great deal of interest, partly as a consequence of the fact that public databases containing a large number of SNPs have become available and are growing at an ever increasing rate. The success of an association study is a direct function of the number, density and quality of the SNPs used. There is, therefore, a strong motivation to create databases of human SNPs containing the largest possible number of polymorphisms, to confirm their existence, and to measure their frequency in different populations. The most important public SNP databases are dbSNP (accessible at http://www.ncbi.nih.gov/SNP/), that collects all SNPs detected by either computational methods (i.e. comparing matching sequences stored in databases like GenBank; Marth et al., 1999) or direct observation, and the SNP Consortium Database (http://snp.cshl.org/) that aims at creating a panel of tested and validated SNPs (Schork et al., 2000) . dbSNP currently includes more than 2.6 million SNPs, and TSC reaches 1.2 million. The mere availability of SNPs is not sufficient for the purposes of a well-designed SNP study. SNPs differ among themselves not only in frequency, but also in their location (intragenic or intergenic), in their genetic context (promoter, introns, exons, coding region), in the significance of the changes they introduce (e.g. amino acid changes), their reliability (usually related to the number of independent observations that detect them). Effective use of SNPs in genetic studies requires a tool able to extract them from public databases and to analyze them according to criteria like the ones exposed above. Researchers need the ability to easily create sets of candidate SNPs, to evaluate their characteristics, to display them in easy to interpret formats, and to reuse the information thus generated in other applications.
In this paper we describe SNPper, a web-based application designed to fulfill the above described needs. In the next section we describe how SNPper and the database it relies on were implemented. We then describe the functions provided by the application to manipulate sets of SNPs, and we conclude by presenting an evaluation of our application and of related systems.
IMPLEMENTATION
The general purpose of SNPper is to create sets of SNPs responding to user-defined criteria. SNPs can be retrieved through their name (dbSNP or TSC identifiers), or their position. The position can be specified in absolute terms, i.e. as the number of bases from the beginning of a chromosome, as a cytogenetic band, or using a gene name. Here are some examples of possible queries that can be used to describe a set of SNPs: 'retrieve all SNPs in the first million bases of chromosome 4'; 'retrieve all the SNPs for gene DBT'; 'retrieve the SNPs belonging to all genes in band q23.2 of chromosome 2'.
SNPper relies on a local relational database and on real-time access to goldenPath (Kent et al., 2002) , the draft human genome browser (http://genome.ucsc.edu/). The local database was created by downloading and parsing the full contents of dbSNP, and merging it with positional information retrieved from goldenPath. The result is a database containing the absolute position on the chromosomes of almost two million SNPs and over 15 000 genes. Note that the number of SNPs in our database is lower than the total number of SNPs in dbSNP, because not all of them have been mapped to a unique position on the draft human genome yet.
Additional information stored for each SNP includes its alleles, its submitters, and a flag indicating whether the SNP was validated (i.e. was confirmed by at least two independent observations, one of which is noncomputational). Gene information includes the position of the transcript, the exons and the coding sequence, as well as pointers to a number of well-known databases (LocusLink, OMIM, Unigene, Swiss-Prot). All this information becomes available to the user in a single location and under a unified interface.
A post-processing step was applied to the database in order to describe the relationship between SNPs and the genes in the database. As a result, the system knows whether a given SNP belongs to a gene and, if so, to which region of the gene. For SNPs falling within a gene's coding region, we also determined the amino acid change by downloading the coding sequence from goldenPath and translating it. Out of the total 1.9 million SNPs in the resulting database, 636 000 SNPs are marked as belonging to a gene; of these more than 50 000 belong to an exon and 25 000 to the coding sequence.
Access to the database is provided through a webbased interface, implemented using a platform for the development of web applications written in the Common Lisp language (Riva and Ramoni, 1996) . The platform offers facilities for dynamic HTML page generation as well as an object-oriented interface to relational databases. The resulting application performs like a web server, receiving requests submitted by the users through regular web browsers, and replying by generating an HTML page. In contrast with other web-application technologies (i.e. CGI scripts), in our system the application is entirely loaded within the server. Advantages are a higher speed, better integration with the request handling mechanism, and the ability to track sessions and to preserve the state of the system across connections.
The main purpose of SNPper's interface is to allow the user to create a set of SNPs lying in a specified genomic region and having some desired properties, and to operate on them as a single unit. A 'SNP set' data structure is automatically created every time the user performs a search like the ones described at the beginning of this section. Figure 1 shows the page that displays information about a gene (MC4R in this example). The top part of the page contains general information such as the position of the gene on the chromosome and links to entries for that gene in several online databases. Next, a list of all the exons with their sizes and positions is shown. Finally, the page displays the SNP set containing all the SNPs lying on or around the gene. Figure 2 shows the window displaying information about a SNP set in more detail. The top part of the window contains general information about the SNP set (source, creation date, number of SNPs) and a menu of commands that can be applied to the SNP set. SNP sets are automatically generated, and are removed from memory when they are no longer in use. SNP sets created by registered users can be saved to a private storage area on the server, and reloaded at a later time. The following subsections describe the available commands in detail.
OPERATING ON SNP SETS
The bottom part of the window shows a list of all the SNPs in the SNP set. For each SNP, the program displays its dbSNP identifier, its position on the chromosome, its position within the gene it belongs to (i.e. the distance from the starting ATG in the coding sequence), the two alleles, and the genetic context of the SNP (e.g. intron, exon, coding sequence, etc). Clicking on a SNP identifier brings up a page that shows information about that SNP specifically. The information displayed includes the SNP position and alleles, the genetic context and amino acid change (if any), links to the corresponding dbSNP and TSC pages, and a list of submitters for that SNP. The page also displays the SNP flanking sequence, that is generally needed to design primers for PCR-based SNP detection; a link to a popular primer design program is provided in the page.
SNP filtering
SNPper allows the user to filter or refine a SNP set, through the 'Refine this SNPset' command. Two forms of filtering are supported. The first one is based on the average distance between SNPs: when working with a large number of SNPs, it is sometimes desirable to start with a low-density map, in order to reduce the number of SNPs to be analyzed while still covering a large chromosomal region, and to refine it at a later stage to concentrate on the region that provides the highest association signal. For this purpose, SNPper is able to 'hide' SNPs in order to bring the average distance between the visible SNPs as close as possible to a desired value set by the user. When the user lowers the desired average distance, the SNP set is refined by adding more SNPs between the ones that are already visible.
The second form of filtering takes into account the features of a SNP, that fall into three categories: the genetic context of the SNP, its validation status (determined by the dbSNP validated flag and by the presence of a TSC identifier), and the list of submitters (since a user might attribute a different reliability to SNPs coming from different submitters). SNPper can therefore answer queries such as 'show only validated SNPs in the exons of gene MC4R that were reported by submitters TSC-CSHL and WICVAR'. When a SNP set is filtered, the interface shows the filter parameters and the number of visible SNPs in it. All operations subsequently performed on it (e.g. the export operations described below) will only affect the visible SNPs. 
Data export
SNPper provides several data export options. The first one applies to SNP sets, and allows their contents to be displayed in tabular format or mailed to the user as a tabdelimited file. The exact set of columns that compose the table can be specified by the user, choosing among all the data elements that SNPper associates to each SNP, using the form shown in Figure 3 . This represents a simple yet powerful way of extracting and reusing the information provided by the program; in particular, tabdelimited files are a de facto standard format for data analysis and spreadsheet applications. One of the available fields that can be selected by the user is the flanking sequence for each SNP. It is therefore straightforward to generate data files that can be fed directly to PCR primer design programs, even when dealing with a large number of SNPs.
The second method applies to all objects displayed by SNPper in its interface (genes, SNPs and SNP sets), and leverages on the increasing popularity of XML as a format for the exchange of data between applications. SNPper implements a simple Remote Procedure Call (RPC) interface, whose purpose is to expose the set of Fig. 3 . The SNP set export form. The user can select any number of fields to be exported, and can choose between output to a web page (as an HTML table) or output to a tab-delimited file that is sent to the specified email address.
queries implemented by SNPper to other applications. Instead of accessing the desired information through web pages, clients may submit a request encoded as a special URL to the web server that hosts SNPper, and receive an XML document containing equivalent information as the response. A query is represented as a specially formatted URL that can be included as a link in a web page, or can be sent directly to the server as an HTTP request by a client program. In both cases, the server replies with an XML document that contains the requested information. Although the output does not yet conform to a standard DTD, it is easily parsed and interpreted both by a human reader and by a program. The exchange of data with other applications can therefore be entirely automated.
Finally, SNPper is able to provide a graphical view of a SNP set, by drawing a diagram of the region under consideration, including the genes it contains, and showing the position of the SNPs in it.
RELATED WORK
Several other publicly accessible databases of SNP data are available on the web, besides the already cited db-SNP and TSC. GeneSNPs (http://www.genome.utah.edu/ genesnps/), developed by the University of Utah genome center, provides a gene-centric map of the genome structure, coding sequences, and identified allelic variation, as well as a graphical view of all available SNP data, including allele frequencies and genotypes in select populations. HGVbase (http://hgvbase.cgb.ki.se/), developed by the Karolinska Institute and the EMBL, is a highly curated database of sequence variations. Its purpose is to facilitate research into how genotypes affect common diseases, drug responses, and other complex phenotypes (Fredman et al., 2002) . HGVbase offers limited ability to retrieve machinereadable versions of the database contents through hyperlinks, but it requires knowledge of the internal record identifier of each SNP. The Human Gene Mutation Database (http://www.hgmd.org/), by the University of Wales, attempts to collect and classify SNPs according to the lesion they cause (missense substitutions, splicing variants, etc.) and by the associated phenotype (Krawczak and Cooper, 1997) . PicSNP (http://plaza.umin.ac.jp/∼hchang/picsnp/), is a catalog of non-synonymous SNPs obtained by annotations in the GenBank genome assembly (Chang and Fujita, 2001) . Its most important features are the ability to select SNPs based on the function of the gene they belong to, and the integration with the Swiss-Prot database, making it possible to determine the protein domain affected by the SNP (a similar feature is under development for SNPper).
RESULTS AND DISCUSSION
The SNPper database is an important resource, that combines information from different sources and adds value to them by establishing biologically meaningful relationships among the data. Although most of the information in it comes from dbSNP and goldenPath, we believe that the SNP search and analysis tools offered by those sites are not well-suited for the creation and manipulation of large numbers of SNPs. Interoperability with other applications is usually limited, and the organization of the data tends to reflect the way it is acquired rather than the way it will be used, resulting in a considerable amount of manual effort on the part of the researchers. The same drawbacks apply to most of the other publicly accessible SNP databases cited in the previous section.
The biggest limitation currently affecting SNP databases (including SNPper) is the lack of population-related frequency information. The concept of SNP frequency is only meaningful when the size and nature of the population it was observed in is specified. Unfortunately such information is usually not available, or is expressed under a form that makes it impossible to perform comparisons between different cases.
Notwithstanding these limitations, we believe that making this resource available through multiple access modes represents a valuable service to the bioinformatics community, as confirmed by user feedback and usage patterns. SNPper has been available to the public since March of 2001; it currently receives several hundred hits per day, and counts more than 600 registered users, many of which from leading academic and private research centers. Most of the features of SNPper were implemented as a direct result of user requests, ensuring that the application meets the needs of researchers.
